ABSTRACT A high frequency planar transformer with integrated leakage inductance and half-turn secondary windings is proposed for LLC isolated DC-DC converters. The primary windings are wound on both the center leg and the sides leg of an EI planar ferrite core to integrate the leakage inductance. With the proposed method, the magnetizing inductance is constant while adjusting the leakage inductance, thus the design of the magnetizing inductance and the leakage inductance can be decoupled. To adapt the high voltage transform ratio from 380V to 12V, the number of turns of the secondary windings is designed to be 0.5. The output voltage ripple of the LLC converter equipped with the proposed transformer is analyzed and its output filter is designed. The characteristics of the proposed transformer are simulated by ANSYS Maxwell and Simplorer. Finally, a 360V∼400V input, regulated 12V output, 750W LLC resonant converter with silicon carbide (SiC) devices was built with the proposed transformer. The evaluated converter realized a power density of 23.1W/cm 3 and a peak efficiency of 97% with all the auxiliary power and control circuit included.
I. INTRODUCTION
With the developing of new semiconductor power devices and topologies, the efficiency and power density of the isolated DC/DC converters are increasing continuously [1] , [2] . The LLC resonant converter, which can achieve zero voltage switching (ZVS) for primary switches and zero current switching (ZCS) for secondary synchronous rectifiers (SRs) to lower the switching losses [3] - [5] , is very attractive in high switching frequency applications. The design of the isolated transformer is critical for an LLC converter. The planar shape transformer has been proved to have superior performance than traditional wire wound transformers in high power density converters [6] - [9] . For a planar transformer, it is easy to achieve high coupling coefficient and low leakage inductance between the primary and secondary windings [10] , [11] . A resonant inductor is necessary in a regulated LLC converter to keep the output voltage constant within the input The associate editor coordinating the review of this manuscript and approving it for publication was Giambattista Gruosso.
voltage range and under different load conditions [12] - [14] . It is easy to integrate the resonant inductor into a traditional transformer by increasing the leakage inductance. However, the primary and secondary side windings are close to each other in the planar transformer. It is difficult to increase the leakage inductance. Usually, an extra independent inductor is introduced [15] , which means there are at least two magnetic components in the converter.
Only a few papers have demonstrated how to integrate the leakage inductance into a planar transformer. In [16] , the primary and secondary side windings are configured at a distance to create the leakage inductance with a simple EE planar ferrite core. The gap between the two windings may lower the power density of the transformer. In [17] , different center and side air gaps are designed to generate the leakage inductance. The leakage and magnetic inductance change at the same time when air gaps change, which increases the design difficulty.
When the switching frequency increases, the number of turns can be reduced. However, the minimum turn of the windings in the low-voltage side for a conventional transformer is one, which prevents the number of turns from being further reduced. To take advantage of the high frequency, the core size should be reduced. Otherwise, the magnetic flux density in the ferrite would be so small that the core is not fully utilized. This leads to the design of multi-core matrix transformer which is formed by several small transformers [18] - [22] . A two-core matrix transformer is proposed for high frequency and high power density LLC converters [18] , [20] . The primary windings are connected in series for high voltage. The secondary windings are connected in parallel for high current. The turn ratio of each transformer is 8:1 to realize an overall voltage ratio of 16:1. The current sharing between the two transformers should be specially handled since the core and winding parameters are not exactly identical [23] - [25] . To better take the advantage of high frequency, a half-turn transformer is proposed to further reduce the number of turns to 0.5 [26] , [27] . A larger core can be used with the half-turn winding configuration with full utilization of the core. Using the half-turn winding configuration, a single transformer with turns ratio 8:0.5 could take place of the two-core matrix transformer. One benefit of the half-turn winding configuration is that the number of transformers can be reduced. The other is that the currents in the paralleled secondary side windings for half-turn transformer are induced from the same primary side altering current, so the secondary side current sharing is much easier to realize.
In this paper, a half-turn planar transformer with integrated leakage inductance is proposed. A simple EI ferrite core is adopted. The leakage inductance is increased and adjusted by distributing the primary side windings to both the center and the side legs of the ferrite core. Meanwhile, the main magnetizing inductance can be kept almost constant to decouple the leakage inductance design. The terminal effects of the half-turn transformer are also analyzed. A CLC type output filter, which can take advantage of the stray inductance of the terminal effect, is introduced to reduce the voltage ripple.
The structure of the rest of the paper is organized as follows. In Section II, the structure and working principle of the proposed transformer are introduced. The simulation results of the proposed transformer and its application in an LLC converter are given in Section III. In Section IV, a prototype LLC converter with 750W output power, 360∼400V input voltage range and 12V regulated output voltage was built and tested based on the proposed transformer. The experimental results are given to verify the analysis and the simulation. Conclusions are drawn in Section V.
II. PROPOSED MAGNETIC INTEGRATION TRANSFORMER
The LLC converter with the magnetic integration half-turn planar transformer is shown in Fig. 1 . V in is the DC input voltage. Q 1 and Q 2 are two power MOSFETs in the primary half-bridge. C r is the resonant capacitor. L r is the leakage inductance of the transformer, which is used as the resonant inductor. L m is the magnetizing inductance. The turns of the transformer is 8:0.5:0.5:0.5:0.5 to adapt dc input voltage range 360∼400V, output voltage 12V. w 1 ∼w 4 are the four windings of the transformer secondary side. SR 1 ∼SR 4 are synchronous rectifier MOSFETs. V 0 is the output voltage. P is the positive output point of the synchronous rectifier, and G is the negative output point of the synchronous rectifier.
A. MAGNETIC INTEGRATION
The primary windings in the most conventional planar transformer are wound on the center leg of the EI core M 2 , as shown in Fig. 2 (a) [6] , [11] , [26] . As the secondary windings are also on the center leg which are near the primary windings, the leakage inductance is low. To increase the leakage inductance, the primary windings can be wound on the two-side legs of the magnetic core M 1 and M 3 , as shown in Fig. 2(b) , which will increase leakage magnetic flux in the air and generate the largest leakage inductance. By changing the distribution of the primary windings on the three legs, the leakage inductance can be adjusted [28] . When the primary windings are wound on all the three legs, as shown in Fig. 2(c) , the leakage inductance is higher than the leakage inductance in Fig.2(a) and lower than leakage inductance in Fig.2(b) . In this case, the direction of the magnetic flux density B in M 1 and M 3 is the same, but it is opposite in M 2 . The distributions of magnetic line of force for this case are shown in Fig. 2(d) .
The magnetic circuit of the primary windings in Fig. 2 (c) is shown as Fig. 2(e) . The magnetic paths I and II contain reluctance R m , R air and R air2 . R m is the reluctance in the core, R air represents the air-gap reluctance of the two-side legs, and R air2 is the air-gap reluctance of the center leg. The magnetic paths III , IV represent the paths of flux in the air. The magnetic paths III , IV contain three reluctances R σ m1 , R air and R σ _air1 . R σ m1 is reluctance in the core, R σ _air1 is the equivalent reluctance of flux in the air. The magnetic paths V , VI contain three reluctances R air2 , R σ m2 and R σ _air2 . R σ m2 is reluctance in the core and R σ _air2 is reluctance in the air. As magnetic conductivity in the air µ air is far lower than that in the core µ core , and the width of the air gap in the magnetic core is far less than the air length of the magnetic paths III, IV, V and VI, the relations of the reluctances can be expressed as
When the secondary windings are wound on the center leg, the flux are linked with magnetic paths I , II, III, IV, V and VI. The magnetic circuit of secondary windings is shown as Fig. 2 (f). The magnetic paths III, IV contain three reluctances R σ m1 , R air and R σ _air4 . R σ _air4 is reluctance in the air. The magnetic paths V , VI contain three reluctances R air , R σ m2 and R σ _air3 . R σ _air3 is reluctance in the air. As the magnetic line in the air is related to both the core shape and coil structure, R σ _air3 and R σ _air4 can be expressed as
According to Faraday's law, the magnetic flux φ m in paths I and II generated by the primary current can be diminished by the magnetic flux generated by the secondary current. So I and II are main magnetic paths, and φ m generates magnetizing inductance L m . As the magnetic reluctances in the air are different, some of the magnetic flux in path V and VI generated by the primary current can't be diminished, and the remain magnetic flux φ σ 1 generates leakage inductance L σ 1 . When air gap increases, φ σ 1 and L σ 1 will increase. Flux fringing and proximity effects will be more serious, which will increase the winding AC resistance [20] . L σ 1 should be decreased to improve the efficiency. The primary and secondary side windings in Fig.2 (c) are overlapped to achieve perfect interleaving, so low L σ 1 can be achieved.
As the secondary windings are coiled on the center legs, there is only magnetic motive force T s · i s , and R σ _air4 R air R m , so magnetic flux generated by secondary current in paths III and IV is very little. However, the primary windings coiled on the M 1 and M 3 can generate magnetic motive force T 1 · i p and T 3 · i p , the magnetic flux φ σ generated by primary current in paths III and IV is much larger than the magnetic flux generated by secondary current despite R σ _air1 R air R σ m1 , so magnetic flux generated by secondary current in paths III and IV can be ignored. Therefore, III and IV can be regarded as leakage magnetic paths and φ σ generates leakage inductance L σ 2 . φ σ flows into the primary windings coiled on the M 1 and M 3 , litz wire is chosen for primary windings to lower flux fringing and proximity effects. φ σ doesn't link with the secondary windings, which means the loss brought by flux fringing and proximity effects is low.
The area of the center leg is twice that of either of the twoside legs, so the equivalent turns of windings on the two-side legs are half of their actual number of turns [29] . The overall turns of the primary windings T p are calculated as
where T 1 , T 3 and T 2 are the number of turns of the windings on the side legs and on the center leg, respectively. T 1 and T 3 are designed the same for symmetry magnetic flux. Main magnetic paths I and II contain R m , R air and R air2 , R air2 R m and R air R m , so magnetizing inductance L m is calculated as
It can be seen from (7) that if air gap and
For a planar transformer, L σ 1 is low. Air gap is usually small, and the change of air gap is small. When air gap change, the impact of the change of L σ 1 on L σ is low. L σ 1 can be treated as constant. So if T 1 increases, L σ will increase. Meanwhile, the relation of L σ and T 1 2 is linear. Since R σ _air1 R air , the impact of the gap changing on the leakage inductance is very low.
B. HALF-TURN SECONDARY WINDINGS
In this paper, the half-turn secondary configuration using two U-shape windings proposed in [30] is employed. They are overlapped in the opposite direction to form a complete secondary current loop. The secondary windings are shown in Fig. 3 . SR 1 , SR 2 , SR 3 and SR 4 are synchronous rectifications and C 1 , C 2 , C 3 and C 4 are output capacitors. P 1 and P 2 are positive output terminals. G 1 , G 2 , G 3 and G 4 are the negative output terminals. All the positive terminals are connected together through a printed circuit board (PCB) or copper sheet, so do the negative terminals. According to [30] , w 1 and w 3 output current in positive half cycle, and w 2 and w 4 output current in the negative half cycle. For the convertional transformer, the minimum number of turns is one, which can be considered as two half-turn windings connected in series. For half-turn transformer, two half-turn windings outputs are connected in parallel, which can reduce the copper loss. Therefore, half-turn transformer is very suitable for the high output current applications.
III. MAGNETIC SIMULATIONS
Simulations are conducted to evaluate the proposed magnetic integration method for an LLC converter. A three dimension (3D) transformer model is built and simulated using ANSYS Maxwell. The relations between the winding distributions and the main/leakage inductances are investigated. To evaluate the performance of the proposed transformer in the LLC resonant converter, ANSYS Maxwell and Simplorer are employed to perform the circuit-magnetic co-simulation. The simulation and analysis results for the leakage inductances, magnetic flux density distributions, the current sharing performance and the terminal effects will be presented in the following parts.
A. SIMULATIONS AND MEASUREMENTS OF THE LEAKAGE INDUCTANCES
The structure of the proposed transformer is shown in Fig. 4 . Primary windings include the windings T 1 , T 3 and T 2 , which are wound on the two-side legs M 1 , M 3 and the center leg M 2 . Sec.1 and Sec.2 are the secondary windings. In the proposed transformer, the two sets of secondary windings conduct alternatively. The equivalent leakage inductance can be measured with one secondary winding shorted [31] . In this case, the secondary side forms a closed loop circuit. In order to analyze the leakage inductance, an equivalent transformer, whose secondary windings are shorted circuit, is modeled in the Maxwell and simulated by using Magnetic Eddy Current solver. Meanwhile, a planar transformer is also built with EILP32, whose material is N49 from TDK. It is suitable for 300 kHz∼1MHz operating frequency. Litz wire 0.04 * 400 is chosen as primary windings and wound on all the three legs. A 0.2mm thickness copper sheet is processed into the U shape secondary windings by a Computer Numerical Control (CNC) machine, which is shown in Fig. 4 . To measure the leakage inductance, we firstly keep the air-gap constant to 0.08mm and change the primary winding distributions among T 1 , T 2 and T 3 . Fig. 5 shows the simulation and measurement results of the relationships between the primary leakage/magnetizing inductances and T 1 2 . The leakage inductance can be easily adjusted by changing T 1 and the adjustment has little impact on the main magnetizing inductance. Meanwhile, the relationship between the leakage inductance and T 1 2 is about linear and the goodness of fit R 2 is above 0.993. The simulation and measurement results agree well with equation (8) .
The configuration of the transformer tested in this paper is also marked in Fig. 5 . Then, the influence of the air gap on leakage/magnetizing inductances under three different primary winding distributions are investigated. Fig. 6 shows simulation results of the relationships between leakage inductance or magnetizing inductances and the air gap. When the air gap increases, leakage inductance is almost constant, but the magnetic inductance decreases a lot. Meanwhile, it can be seen from Fig. 6 that the influence of the distributions of primary side windings on the magnetic inductance is small. In summary, the leakage inductance can be adjusted by the turns of windings on the two-side legs, while the magnetizing inductance is almost constant. When the air gap increases, the magnetizing inductance will decrease, but the leakage inductance keeps almost constant. Therefore, the design of the leakage inductance and the main magnetizing inductance can be decoupled to ease the transformer design procedure.
B. THE DISTRIBUTIONS OF MAGENETIC FLUX DENSITY AND CURRENT DENSITY
A 3D model of the proposed transformer structure shown in Fig. 2(c) is built in Maxwell as shown in Fig. 7 . It shows that a 6-turn primary winding is coiled on the each outer leg and a 2-turn primary winding is coiled on the center leg to generate the desirable leakage inductance for the LLC converter. Primary windings are designed as octagon and the current excitations are set to ''Stranded'' for a litz winding in the simulation. Four secondary windings are designed as rectangle and the current excitations are set to ''Solid'' for the copper sheet. 8 shows the magnetic-electric co-simulation results of magnetic flux density distributions of the core and current density distributions of the windings with w 2 and w 4 conducting current. The current density in the secondary winding w 2 and w 4 is high, while the current density in the secondary winding w 1 and w 3 is almost zero. The magnetic flux density B is symmetry and below 80 mT. The utilization of the core is balanced with reasonable losses. 9 shows current density distributions of the secondary windings w 1 and w 2 . At this moment, w 2 and w 4 output currents. From the simulation results, we can see that the current in w 2 is evenly distributed, which indicates the flux fringing and the proximity effects are low. At the terminal, the primary and secondary windings are not perfect overlapped to cancel the magnetic flux in each other, the current density becomes much higher (about 100%) in a small portion. Further optimization can be studied to reduce the terminal connection loss.
C. CURRENT SHARING PERFORMANCE OF THE WINDINGS
To observe the current waveforms in each winding, Simplorer is adopted to conduct the magnetic-electric co-simulation. The currents in each secondary side winding are shown in Fig. 10 . In Fig. 10 , the current in w 1 I.SR 1 and the current in w 3 I.SR 3 output simultaneously during the positive half cycle, and the current in w 2 I.SR 2 and the current in w 4 I.SR 4 output current simultaneously during the negative half cycle. The difference of I.SR 1 and I.SR 3 or I.SR 2 and I.SR 4 is very small, below 0.96%, which shows excellent current sharing of the paralleled windings. The difference of primary current in the positive half cycle and the negative half cycle is about 1.05%, so the primary current is also symmetry in one cycle. The simulation results of mutual inductors and the winding inductors are shown in Table 1 . The mutual inductors M P1 and M P3 differ only about 1.67%, and L 1 and L 3 differ only 0.9%. A good current sharing is achieved because all the windings are in one core, the primary windings is symmetrical and four half turn windings are the same, which makes the parameters variations relatively small.
According to the analysis in Section II, w 1 and w 3 output current simultaneously, forming a complete magnetic circuit, and w 2 and w 4 output current simultaneously, forming a complete magnetic circuit. So, the equivalent inductor L eq in a half cycle is calculated as
Coupling coefficient k and leakage inductor L σ are calculated as
The calculated results of the leakage inductors are shown in the TABLE 2. The parameters during a half cycle and the other cycle differ little, so the difference of current is little. 
D. TERMINAL EFFECTS
As shown in Fig. 3 , the transformer has two positive output terminals and four negative output terminals. These two positive output terminals and four negative output terminals should be connected, respectively. However, the connecting terminals have some inductance about tens of nH, (e.g. 18nH based on the simulation result in this paper), as shown in Fig. 11 . The voltage on the inductance is tens of mV, even hundreds of mV, which induces the output voltage ripples. The load is connected to the output terminals as shown in Fig. 12(a) . C 1 , C 2 , C 3 and C 4 are filter capacitors. L 1 , L 2 , L 3 and L 4 are the connecting terminal inductors, which will induce large ripple on the output voltage. In order to reduce the output voltage ripples, a capacitor C 5 is added to form a CLC filter, as shown in Fig. 12(b) .
To make a fair comparison, we keep the same total filter capacitances for the CL and CLC filter. The results of the simulations are shown in Fig. 13 . The output voltage with CL filter is fluctuant and the voltage ripple is high. When the output power increases, the voltage ripple will also increase. When the output power is 400W, the output voltage ripple is 63mV; when the output power is 600W, the output voltage ripple increases to 120mV. However, output voltage with CLC filter is smooth and the output voltage ripple is only 10mV.
IV. EXPERIMENTAL RESULTS
A 500-kHz LLC converter with the proposed transformer is designed to verify the analysis and simulation results. An integrated controller NCP1398 from Onsemi is selected as the controller. The operation frequency of the NCP1398 is from 50kHz to 750kHz. In this paper, the nominal switching frequency is selected at about 500kHz. SiC MOSFET C3M0120090J is chosen as the primary side switches for superior high frequency switching performance than silicon MOSFET. Besides the lower switching loss, the reverse recovery of SiC MOSFET's internal diode is much faster than Si MOSFET's [2] , which makes the SiC converter more reliable when ZVS is lost during the transient process.
For designing the converter parameters the fundamental harmonic approximation (FHA) method is considered. The turns of the transformer is designed as 8:0.5 to adapt 380/12V. According to [3] , the parameters of the LLC converter is designed, which is listed in Table 3 . The picture of the LLC converter with the proposed magnetic integration half-turn planar transformer is shown in Fig. 14 . Its size is 5.8cm length, 5.6cm width and 1.0cm thickness. An output peak power of 750 W at such a dimension is equivalent to a power density of around 23.1W/cm 3 . Fig. 15 shows the measured voltage and current waveforms at output power 375W. The MOSFET V ds falls to zero before V gs triggers, which means ZVS for primary switches is achieved.
The parameters of different filters are shown in the Table 4 . C f is the first capacities, which is total of C 1 , C 2 , C 3 and C 4 in Fig.12 . C s is the second capacities, which is C 5 in Fig.12(b) and C t is the total capacities. The output voltage ripple is measured on R L in Fig. 12 . When output power is 375W, output voltage ripple waveforms with three filter designs are shown in Fig. 16 . For the CLC filter 1, its capacitance is the same as CL filter's, but it can reduce the voltage ripple more than 40% compared with the CL filter. For the CLC filter 2, its total capacitance is 60µF less than that of other two cases, but the voltage VOLUME 7, 2019 ripple is less about 22% than the CL filter's. And the CLC filter 1 waveform is similar to the waveform of the CLC filter 2. The relationship between the voltage ripple peak to peak value and the output power is shown in Fig. 17 . It can be seen from Fig. 17 that the CLC filter 1 has the lowest voltage ripple, and the curve is the most smooth when the output power is increased. Although the capacitance of the CLC filter 2 is 60µF less than CL filter's, the voltage ripple of CLC filter 2 is still lower than CL filter's, which shows the advantage of the CLC filter compared with the CL filter. 18 is thermal image of the LLC converter at output power 450W after 5 minutes, with a 150 LFM horizontal airflow. The highest temperature is 62.9 • C. When the power dissipation of the auxiliary power supplies and all control circuits are taken into consideration, the measured efficiency of the LLC converter is shown in Fig. 19 , in which a peak efficiency of 97% is achieved at half load condition.
The performance comparisons with some other regulated LLC converters are shown in Table 5 . The proposed converter is quite competitive in both efficiency and power density.
In order to easily adjust the turns of primary windings on the three legs and discuss the characteristcs of the transformer, litz wire is adopted for the primary side windings. Litz is wound on the legs of the ferrite core, which isn't perfect. Litz is wound in the model regularly, and the primary and secondary windings inside the ferrite cores and terminal areas are overlapped to achieve more perfect interleaving, which can reduce L σ 1 , reduce the eddy current loss of secondary windings and improve the efficieny [34] . Some advanced control methods can be introduced to improve the efficiency of the proposed converter further. Simplified optimal trajectory control (SOTC) can improve light-load effeciency [35] . The adaptive synchronous rectifier (SR) driving schemes can also be applied to reduce the secondary side conduction loss [36] .
V. CONCLUSION
A half-turn planar transformer with integrated leakage inductance for LLC resonant converters is proposed in this paper.
In the proposed transformer, a simple EILP32 ferrite core is employed and the primary windings are wound on both the center and two-side legs of the magnetic core to generate desirable leakage inductance. The relation between the leakage inductance and the side leg number of turns T 1 is presented. The magnetizing inductance is almost constant when T 1 changes with the total equivalent number of turns T p keeping constant. In addition, the terminal effect of the half turn transformer is analyzed. CLC type filter is recommended to reduce the output voltage ripple.
The proposed transformer can be suitable for an LLC converter. So the performance of the proposed transformer is evaluated by both the simulations and the experimental tests based on an input voltage 360∼400V, output regulated voltage 12V, 750W, LLC converter, which achieves a peak efficiency of 97% at half load condition and a power density of 23.1W/cm 3 including all control circuits and the auxiliary power supplies.
